In this study, we generated mice lacking the gene for G-substrate, a specific substrate for cGMP-dependent protein kinase uniquely located in cerebellar Purkinje cells, and explored their specific functional deficits. G-substrate-deficient Purkinje cells in slices obtained at postnatal weeks (PWs) 10 -15 maintained electrophysiological properties essentially similar to those from WT littermates. Conjunction of parallel fiber stimulation and depolarizing pulses induced long-term depression (LTD) normally. At younger ages, however, LTD attenuated temporarily at PW6 and recovered thereafter. In parallel with LTD, short-term (1 h) adaptation of optokinetic eye movement response (OKR) temporarily diminished at PW6. Young adult G-substrate knockout mice tested at PW12 exhibited no significant differences from their WT littermates in terms of brain structure, general behavior, locomotor behavior on a rotor rod or treadmill, eyeblink conditioning, dynamic characteristics of OKR, or short-term OKR adaptation. One unique change detected was a modest but significant attenuation in the long-term (5 days) adaptation of OKR. The present results support the concept that LTD is causal to short-term adaptation and reveal the dual functional involvement of G-substrate in neuronal mechanisms of the cerebellum for both short-term and long-term adaptation.
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cerebellum ͉ long-term depression ͉ optokinetic response ͉ Purkinje cell T he G-substrate purified from rabbit cerebellum is one of the few preferred substrates for cGMP-dependent protein kinase (PKG) (1) (2) (3) (4) (5) (6) (7) (8) . It is positioned at the downstream end of the cascade linking nitric oxide (NO), soluble guanylate cyclase, cGMP, and PKG. The target(s) for NO is located within Purkinje cells (9) (10) (11) (12) , where diffusing NO activates soluble guanylate cyclase (13) , which, in turn, enhances PKG activity (14) . Immunohistochemical studies have revealed that G-substrate is uniquely concentrated in cerebellar Purkinje cells (2, 6, 7, 15, 16) . In cerebellar slices, G-substrate in Purkinje cells is effectively phosphorylated in response to a membrane-permeable analogue of cGMP that activates PKG (9) . Phosphorylated G-substrate acts as a potent inhibitor of protein phosphatase (PP) 1 and PP2A (6) (7) (8) . We now have generated G-substrate knockout mice to investigate further the functional roles of G-substrate at cellular and behavioral levels.
Each component of the NO-cGMP-PKG pathway has so far been shown to be required for the induction of cerebellar long-term depression (LTD) (12, (17) (18) (19) (20) (21) (22) (23) (24) , a characteristic form of synaptic plasticity displayed by Purkinje cells (25) . In LTD, synaptic transmission from parallel fibers (PFs) to Purkinje cells is persistently depressed after conjunctive stimulation of the PFs and climbing fibers (CFs). CF stimuli can be replaced by application of depolarizing pulses to the Purkinje cell membrane. Peculiarly, NO is not required for LTD induction in young cultured Purkinje cells (26) , suggesting that the NO-cGMP-PKG pathway acts as a modulator whose requirement for LTD may depend on various circumstances (27) .
LTD has been considered to provide a cellular mechanism of motor learning (25) . Here, we report a distinctive age-dependent deficit of LTD induction in G-substrate-deficient Purkinje cells; LTD occurs at postnatal week (PW) 4 but diminishes at PW5-6 and then recovers at PW10 afterward. We also examined how the age-dependent diminution of LTD is reflected in the age profile of adaptation of optokinetic eye movement response (OKR), a simple form of motor learning. OKR adaptation is an increase of OKR gain induced by continuous oscillation of a screen around a stationary animal and is abolished by gene knockout (28) or pharmacological inhibition of neural NOS (28, 29) . As very recently reported, OKR adaptation (30) , as well as vestibulo-ocular reflex (VOR) adaptation (31), has 2 distinct phases underlain by different neural mechanisms. The shortterm adaptation occurring during 1 h of training has its memory site in the cerebellar cortex of the flocculus, whereas the long-term adaptation accumulated during repeated 5-day training sessions is an event that takes place somewhere else, because the latter is maintained even after a glutamate antagonist (31) or lidocaine (30) has blocked cerebellar cortical activity. There is some evidence indicating that long-term OKR adaptation has its memory site in vestibular nuclear neurons (30) .
In this study, we demonstrate in G-substrate knockout mice that the short-term OKR adaptation diminishes in an agedependent manner in parallel with LTD amplitude reduction. G-substrate knockout affects the LTD induction and short-term OKR adaptation only temporarily around PW6; however, young adult mice at PW12 prove to be free of these deficits. We demonstrate that they are also free of deficits in other motor learning tasks, including eyeblink conditioning (32), motor coordination (33) , and adaptive locomotion (34) . Eventually, a significant depression of the long-term OKR adaptation is the only deficit exhibited by PW12 G-substrate knockout mice. Thus, the functional role of G-substrate gene is defined by its differential involvement in LTD-driven short-term OKR adaptation and otherwise initiated long-term OKR adaptation.
Results
Generation of G-Substrate Knockout Mice. The G-substrate gene consists of 5 exons and 4 introns (Fig. 1A) . The initiation Met is in exon 2, and the 2 PKG phosphorylation sites are in separate exons (exons 3 and 4). For the generation of G-substrate knockout mice, the G-substrate gene was disrupted by insertion of DNA encoding a selection marker (pgk-neo cassette) and tau-AFAP in the first coding exon (exon 2) (Fig. 1 A) . Correct recombination was confirmed by Southern blot analysis of ES cells and F2 mice using 5Ј-and 3Ј-probes (Fig. 1B) . The removal of the pgk-neo cassette, the selection marker in ES cells, was confirmed by Southern blot analysis (Fig. 1B) . Homozygous mice deficient in G-substrate were obtained by mating heterozygous mice and had normal Mendelian distribution, showing lack of embryonic lethality. The homozygous G-substrate knockout mice appeared to develop and reproduce normally.
In samples from WT mice, mRNA was observed as a single band of 1.7 kb on Northern blot analysis; however, there was complete absence of G-substrate mRNA and immunoreactivity in the homozygous knockout mice [supporting information (SI) Fig. S1 A and B] . Furthermore, no detectable G-substrate protein was observed in homogenates prepared from G-substrate knockout mice as demonstrated by immunoblotting of immunoprecipitates obtained using G-substrate antibody (Fig. S1C) .
The results suggest that the homozygous G-substrate gene deletion led to a complete loss of the G-substrate mRNA and protein expression in the cerebellum. No major morphological changes were observed in the cerebellum or whole brain of homozygote mice as assessed by light microscopy ( Fig. 2 A and  B) . The layer structures of the cerebellum were indistinguishable in WT and G-substrate knockout mice, as shown by Nissl staining of cerebellar slices. There were no apparent changes in the density, size, or shape of cerebellar Purkinje cells. In G-substrate knockout mice, the shape and path of Purkinje cells were easily visualized by fluorescence microscopy (Fig. 2C) , given that AFAP, a GFP derivative, was expressed in G-substrate knockout mice under the control of the G-substrate promoter (Fig. 1 ). Primary and secondary dendrites and axon bundles were observed with bright fluorescence. Furthermore, axon bundles originating from Purkinje cells were clearly marked by AFAP. These axons course to the deep cerebellar nucleus and vestibular nucleus, as in normal mice.
Cerebellar LTD. In current clamp configuration with patch pipettes, we recorded from 120 Purkinje cells in acute slices from G-substrate knockout mice and from 118 Purkinje cells in acute slices from WT littermates. We confirmed that there were no statistically significant differences in membrane potential, membrane resistance, time course of PF-evoked excitatory postsynaptic potentials (EPSP), or waveform of complex spikes, except for a modest difference in paired-pulse facilitation of PF-EPSPs (Table S1 ). Stimulation of the white matter evoked full-sized CF responses in an all-or-none manner, and there was no evidence for multiple CF innervations of Purkinje cells.
Cerebellar LTD was induced by conjunction of PF stimulation with depolarizing pulses at 1 Hz for 5 min (see Materials and Methods). The induced LTD developed during the initial 20 min and was followed by a slow phase proceeding for another 40 min (Fig. 3A) . Because our provisional tests showed variation in the expression of LTD in Purkinje cells deficient of G-substrate, we paid special attention to the possible age-dependent variation of LTD and examined mice at PW4 to PW15. As shown in Fig. 3A , WT Purkinje cells showed virtually identical average LTD time courses throughout life up to PW15. The magnitudes of LTD measured 41-50 min after the onset of 5 min of conjunction were about 20%, on average (Fig. 3A) . In contrast, Purkinje cells lacking G-substrate showed virtually normal LTD at PW4, which then diminished to zero at PW6; thereafter it recovered to normal levels from PW10 onward (Fig. 3B ). The histogram in Fig. 3C compares the LTD magnitude between G-substratedeficient and WT Purkinje cells from PW4 to PW15. There was a significant difference in the LTD magnitude between the 2 Restriction-enzyme-digested genomic DNA was subjected to Southern blot hybridization analysis. The band shift attributable to the homologous recombination was confirmed by probing the blot with 32 P-labeled 3Ј-and 5Ј-probes, as indicated in the figure. The removal of the selection marker, pgk-Neo cassette, was also confirmed by Southern blot analysis using the 32 P-labeled 3Ј-probe.
genotypes of Purkinje cells (2-way factorial ANOVA: F 1, 158 ϭ 13.19, P ϭ 0.004). The LTD magnitude in G-substrate knockout mice showed a clear age-dependency (1-way ANOVA: F 5, 68 ϭ 2.91, P ϭ 0.019), whereas the incidence and extent of LTD in WT mice did not (F 5, 90 ϭ 0.671, P ϭ 0.647). The Dunnett post hoc test in Fig. 3C revealed that the LTD magnitude in G-substrate knockout Purkinje cells was significantly smaller than that in WT Purkinje cells at PW6 (P Ͻ 0.01) and PW5 (P Ͻ 0.05). LTD magnitudes in G-substrate knockout mice were also smaller at PW7 and PW8 (Fig. 3C ), but these decreases were not statistically significant (P Ͼ 0.05).
Dynamics and Short-Term Adaptation of OKR. First, we examined the dynamic characteristics of the OKR (gain, phase, and screen frequency dependence) using sinusoidal screen oscillations (15°p eak-to-peak, 0.11-0.33 Hz) in the light in 9 G-substrate knockout mice and 7 WT littermate mice at PW12 (Fig. S2) . We observed no differences in the gains of OKR between Gsubstrate knockout and WT littermates (two-way repeated measures ANOVA: F 1, 14 ϭ 0.082, P ϭ 0.78). Then, we examined the adaptation of OKR in 12 G-substrate knockout mice and 12 WT littermates at PW12. As shown in Fig. 4A , no difference was observed in the ''start gain'' of OKR measured by sinusoidal screen oscillation (15°peak-to-peak, 0.17 Hz, maximum screen velocity of 7.9°/sec) between the 2 genotypes at PW12. These mice were subjected to 1-hr continuous screen oscillation with the same stimulus parameters to induce short-term OKR adaptation. The ''end gain'' of OKR was measured immediately after We also examined 14 G-substrate knockout mice and 10 WT mice at PW6 (all different from the mice examined previously at PW12). Fig 4C shows that there was no significant difference in the start OKR gain between the 2 genotypes at PW6. However, a significant difference was detected in the short-term OKR adaptation between the 2 genotypes at PW6 (Fig. 4D) ; the magnitude of short-term OKR adaptation was smaller in Gsubstrate knockout mice than in WT mice [Student's t test: t (22) ϭ 2.094, P ϭ 0.048]. Furthermore, examination of the mice at PW4 and PW5 revealed a low OKR gain and poor short-term OKR adaptation for both G-substrate knockout and WT litter- mates (data not shown). It appears that the OKR neuronal circuit is immature at PW4 and PW5, such that short-term OKR adaptation occurs only rudimentarily. The results in Fig. 4 B and D suggest that the OKR neuronal circuit has matured considerably by PW6, although it might not be as complete as that at PW12, and that it expresses a deficit caused by G-substrate knockout. These interpretations are consistent with the results shown in Fig. 3C (i.e., LTD attenuates at PW6 but recovers at PW12).
Long-Term OKR Adaptation. Next, we examined long-term OKR adaptation by carrying out 1 session of 1-hr screen oscillation per day for 5 successive days. Fig. 5A shows that the daily gain changes ([end gain] Ϫ [start gain]) did not show significant differences between the WT and G-substrate knockout mice throughout 5 days (two-way repeated measures ANOVA: F 1, 13 ϭ 0.019, P ϭ 0.893). The increase in the daily gain recovered within 24 hr; however, the start gain before the 1-hr oscillation gradually increased at days 2-5 compared with the start gain at day 1, which we call long-term adaptation (30) . Fig. 5B compares the gain increase induced by long-term OKR adaptation between the 2 genotypes. The gain increase of the G-substrate knockout mice was smaller than that of the WT mice throughout the 5-day session (two-way repeated measures ANOVA: F 1, 13 ϭ 6.508, P ϭ 0.024) (Fig. 5B) . At the end of day 5, the start gain increased by 0.19 in G-substrate knockout mice, whereas it increased by 0.37 in the WT mice (Fig. 5B) . Thus, G-substrate knockout mice are characterized by a partial but significant decrease in the rate of long-term OKR adaptation. The long-term OKR adaptation is not an accumulation of residuals of short-term adaptation, because the former remained intact with local application of lidocaine to the flocculus (30), which blocks the latter. The present results showing that, at PW12, long-term OKR adaptation attenuates, whereas short-term OKR adaptation occurs normally provide another line of evidence that the 2 types of OKR adaptation are underlain by different neural mechanisms.
General Behavior. Behavioral tests described in this article were carried out on young adult mice at PW12, unless otherwise stated. The overall behavioral properties of G-substrate knockout mice were not different from those of WT mice (summarized in Table S2 ). G-substrate knockout mice exhibited some decrease in locomotor activity in the open-field test; however, the data did not reach statistical significance, except for the distance moved in the dark condition (Fig. S3) . The decreased distance moved in the open field might imply an emotional change in G-substrate knockout mice. However, we confirmed that Gsubstrate knockout mice have normal sensory systems, and they behaved normally in a variety of other emotional tests carried out in the entire test battery (Table S2) . A further detailed analysis is required to identify the possible emotional change implied by the open-field test results.
Rotor Rod Test and Gait Analyses. Motor coordination was examined in the G-substrate knockout and WT mice using the rotor rod test at a speed of 8 rotations per min (rpm) (Fig. S4A ) and 12 rpm (data not shown). G-substrate knockout mice and WT mice indistinguishably improved their retention time before falling during repeated trials (two-way repeated measures ANOVA: F 1, 9 ϭ 0.015, P ϭ 0.907). Furthermore, the results obtained 24 hr after the initial 10 trials at 8 rpm were not different between WT and G-substrate knockout mice (data not shown).
We examined the kinematics of gait using high-speed video recordings during treadmill locomotion to characterize locomotor movements. No significant differences were observed between WT and G-substrate knockout mice in terms of temporal parameters such as step cycle duration, swing phase duration, stance phase duration, and bisupport phase duration (Table S3) . As the treadmill speed increased, the step cycle duration and stance phase duration decreased, although the swing phase duration remained nearly constant in both lines of mice. The angular excursions of the knee and ankle were similar in the WT and knockout mice, although the joints stayed in slightly ex- tended positions in G-substrate knockout mice (Fig. S4 B and C) . G-substrate knockout mice did not show any appreciable abnormality in motor coordination and hind limb kinematics during treadmill locomotion, and it is concluded that the gait in G-substrate knockout mice is not ataxic.
Eyeblink Conditioning. This is a well-established form of cerebellum-dependent motor learning (35) , and some genetically modified mouse lines with impaired cerebellar LTD have been reported to show abnormality in eyeblink conditioning (36) (37) (38) (39) (40) . In this study, G-substrate knockout mice acquired the task as quickly as the WT mice in delay eyeblink conditioning tasks (Fig.  S5A ) and in trace eyeblink conditioning tasks (Fig. S5B) .
Discussion
Homozygotic G-substrate-deficient mice survived and were normal in terms of morphology of the cerebellum (Fig. 2) and other brain areas, general behaviors (Table S1 and Figs. S2 and  S3) , and reproduction. G-substrate knockout mice thus share a disturbance-free phenotype with Purkinje cell-specific (PKGI) knockout mice (24) . This is partly because both PKG and G-substrate are localized in Purkinje cells, but it is also because the deletion of PKGI (24) or G-substrate (see Results) does not cause multiple innervations of Purkinje cells by CFs, which may lead to ataxia or seizure.
The temporary hiatus of LTD and short-term OKR adaptation in G-substrate knockout mice around PW6 may suggest that the NO-cGMP-PKG-G-substrate pathway becomes essential during this crucial stage of development. At other times, it plays an accessory role rather than an essential role. At the end of this pathway, PKG-phosphorylated G-substrate acts as a potent inhibitor of PP1 and PP2A (6) (7) (8) . Complex involvement of PPs in cerebellar LTD has been observed in cultured Purkinje cells; myosin/moesin phosphatase (containing PP1 catalytic subunit in its complex) plays a major role at 9-16 days in vitro (DIV) (41), but at 22-35 DIV, PP2A takes over (42) . Hence, it is possible that, underlying the age profile of LTD (Fig. 3C ), G-substrate comes into play as a preferential inhibitor of PP2A with a delay of 6 weeks, and then is probably replaced by PW10 with another PP inhibitor, which is currently unknown. The results indicating that G-substrate knockout attenuates both cerebellar LTD and short-term OKR adaptation temporarily at the early stage of development (Figs. 3C and 4D) conform to previous results showing that blockade of LTD leads to impairment of short-term OKR adaptation (28) . Together, these results consistently support the current view that LTD is an essential mechanism of cerebellum-dependent learning. In this context, a close association was also reported very recently in mice lacking delphilin in Purkinje cells, whose LTD induction and OKR adaptation were both enhanced (43) . Temporary diminution of LTD, which is now shown to be associated with attenuation of short-term OKR adaptation in G-substrate knockout mice, may also impair other forms of motor learning such as motor coordination on the rotor rod and eyeblink conditioning. We leave analyses of this association to future study until the dual-phase mechanism, which is the basis of the present analysis of OKR adaptation, is also defined for other forms of motor learning.
In G-substrate knockout mice at PW12, LTD induction and short-term OKR adaptation occurred normally (Figs. 3A and 4B) but long-term adaptation was significantly impaired (Fig.  5B) . This long-term adaptation is caused by a slowly developed potentiation of synaptic transmission or an intrinsic excitability in vestibular relay neurons (30) . The partial impairment of long-term VOR adaptation was also reported to occur in Purkinje cell-specific PKGI-deficient mice with normal short-term adaptation (24) . Therefore, the NO-cGMP-PKG-G-substrate cascade appears to play an essential role in the induction of long-term VOR and OKR adaptations, which cannot be compensated for by another pathway. Long-term VOR and OKR adaptations would share a common synaptic mechanism at vestibular relay neurons (44) . How the lack of G-substrate in Purkinje cells impairs the adaptive mechanism in vestibular relay neurons is presently unknown. Preliminary results suggest that G-substrate undergoes intracellular translocation from the cell nucleus to cytosol in response to the membrane-permeable analogue of cGMP, 8-bromoguanosine 3Ј: 5Ј-cyclic monophosphate (M.S. and S.E., unpublished observation). Recently, the DARPP-32, a PP inhibitor in striatal neurons, was reported to translocate to the cell nuclei, and the translocation was associated with increased histone H3 phosphorylation, an important component of nucleosomal response such as transcription (45) . G-substrate translocation may lead to changes in the state of protein phosphorylation in the nucleus and cytosol, or it may affect transcription-translation systems. These effects potentially affect molecular events in the axon terminals of Purkinje cells, which would, in turn, act on vestibular relay neurons transsynaptically.
Conclusion
We have shown that G-substrate knockout causes dual deficits in motor learning. It attenuates cerebellar LTD and associated short-term adaptation temporarily at the early stage of development, consistent with the current view that LTD is an essential mechanism of cerebellum-dependent learning, and it also persistently impairs long-term adaptation of OKR. Otherwise, the G-substrate knockout mice are surprisingly free of disturbances in neuronal functions or behaviors. These mice provide a good model for the investigation of cellular, molecular, and genetic mechanisms underlying the short-term and long-term adaptations of motor behaviors.
Materials and Methods
Isolation and Targeted Disruption of Mouse G-Substrate Gene. The cDNA for mouse G-substrate was obtained from mouse cerebellum by PCR using the primer sets based on human (6) and rat (7) G-substrate cDNA. Then, a mouse C57BL/6 genomic library (46) constructed in a BAC plasmid was screened using a random-primed cDNA probe for mouse G-substrate. Positive clones were analyzed by restriction mapping and sequencing using a GPS system (NEB).
The standard technique for gene targeting (47) was used. Targeting vectors were constructed in pBluescript to replace exon 2 of the G-substrate gene, which encodes the initiation site Met, with the tau-AFAP-pgk-Neo cassette (Fig. 1) . Detailed methods for confirmation of positive clones and generation of chimeric mice and mice harboring the knockout allele are provided in SI Text and in Fig. 1 . Total RNA was isolated from the cerebellum using Sepasol (Nakalai Tesque) and was analyzed by Northern blotting analysis using a 32 P-labeled mouse G-substrate probe (corresponding to nucleotides 129 -608 of AF071562). The blots were hybridized in QuikHyb hybridization solution (Stratagene) at 65°C overnight and washed with 0.2ϫ SSC containing 0.1% SDS. The hybridization signals on the blots were analyzed using a phosphorimager BAS5000 (Fuji Film).
Immunohistochemistry. Paraformaldehyde-fixed brain slices were stained with affinity-purified anti-G-substrate antibodies (7) . Immunoreaction was visualized with Alexa Fluor 546-conjugated anti-mouse IgG (Molecular Probes). Fluorescent image stainings were obtained using an FX1000 confocal fluorescence microscope (Olympus).
Immunoprecipitation and Immunoblots. Mouse cerebella were homogenized in extraction buffer containing 50 mM Tris-HCl (pH 7.5), protease inhibitor mixture (Roche Diagnostics), 25 mM ␤-glycerophosphate, and 1% Nonidet P-40. The homogenates were centrifuged at 100,000 ϫ g for 1 h, and the resulting supernatants were then subjected to immunoprecipitation. Affinitypurified rabbit anti-G-substrate antibodies against the amino terminus portion or the carboxyl terminus portion of G-substrate were used for the immunoprecipitation (7) . Immunoprecipitates were subjected to SDS/PAGE, followed by immunoblot analysis. The protein concentration was determined by the method of Bradford (48) using BSA as the standard.
Slice Experiments. Under general anesthesia by ether inhalation, mice were decapitated and the cerebellum was excised. Sagittal slices of 300 m thickness were prepared from the vermis. The recording chamber was perfused with oxygenated Ringer's solution containing 100 M picrotoxin at 30 -31°C. Under an upright microscope, whole-cell patch-clamp recordings were performed using borosilicate pipettes (resistance, 3-5 M⍀). A Multiclamp700A amplifier (Axon) and pClamp 9 software (Axon) were used. PFs were focally stimulated through a glass pipette. To induce LTD, depolarizing pulses of 200 msec duration were applied to Purkinje cell membrane and adjusted (within 2 nA) to evoke at least 1 Ca 2ϩ spike. PFs were stimulated with double pulses (each 0.1 msec in duration) paired at 50-msec intervals timed in such a way that the first pulse fell 30 msec later than the onset of each depolarizing pulse. The combination of double PF stimuli and a depolarizing pulse was repeated at 1 Hz for 5 min (300 pulses) in each trial of LTD induction.
Behavioral Analysis. For this purpose, mice were backcrossed with C57BL/6 for at least 5 generations. Protocols for all animal experiments were approved by the animal experiment committees of the RIKEN Brain Science Institute, Okinawa Institute of Science and Technology, and the other authors' institutions. Maximum efforts were made to reduce the stress of the mice. Detailed methods for the behavioral analyses, including general behaviors, eye movement, eyeblink conditioning, and rotor rod and treadmill locomotion, are provided in SI Text.
